For t h e f i r s t t i m e , a Varian 60 GHz gyrotron, designed specifically to generate microwaves in a single output mode, has been operated at power l e v e l s up t o 200 kW CW. High output mode p u r i t y is r e q u i r e d f o r t h e e f f i c i e n t u t i l i z a t i o n o f g y r o t r o n s as high power microwave s o u r c e s f o r e l e c t r o n cyclotron resonance heating (ECRH) in magnetic fusion plasmas. Using mode-specific directional couplers, measurements of the output mode content indicated that greater than 95% of the microwave output was i n the desired TEO2 mode, w i t h only small percentages i n the neighboring TEOl and TE,, c i r c u l a r e l e c t r i c modes.
INTRODUCTION
The Varian 60 GHz, 200 kW CW gyrotron i s being developed for use in electron cyclotron resonance heating (ECRH) i n magnetic confinement fusion devices. Several 200 kW, 100 msec pulse versions o f t h e 60 GHz t u b e , a s well a s s i m i l a r t u b e s a t 53.2 GHz, have already been employed in various fusion experiments. Also, a number of high output mode purity gyrotrons have been operated a t p u l s e lengths of 500 msec w i t h 200 kW o u t p u t a t 60 GHz. However, for fusion reactors where s t e a d y s t a t e o r quasi-steady state operation is necessary, gyrotrons with CW c a p a b i l i t i e s a r e r e q u i r e d . Varian has developed 200 kW CW g y r o t r o n s a t 28 GHz, and i n a d d i t i o n t o t h e 60 GHz CW t u b e s c u r r e n t l y b e i n g t e s t e d ( 1 , 2 ) , t u b e s a t 35 GHz, 70 GHz, and 140 GHz are being designed for high power CW operation.
----_----*The 60 GHz g y r o t r o n o s c i l l a t o r i s being developed under contract w i t h Oak Ridge National Laboratory, operated by Martin Marietta Energy Systems, Inc. f o r t h e U.S. Department of Energy, Office of Fusion Energy, under prime c o n t r a c t DE-AC05-840R21400.
An additional requirement for many ECRH experiments is t h e n e c e s s i t y t o i n j e c t t h e microwave power i n a s p e c i f i c mode w i t h a given polarization and d i r e c t i o n . T h i s need implies t h a t the output mode of the gyrotron must be pure so that efficient conversion into the proper injection mode can be c a r r i e d o u t .
For t h e present 60 GHz gyrotron in which the e l e c t r o n beam c o l l e c t o r a i s 0 serves as the output waveguide for the microwaves, t h e mode purity requirement places severe r e s t r a i n t s on t h e s i z e and geometry of the c o l l e c t o r . The c o l l e c t o r must be capable of d i s s i p a t i n g t h e e n t i r e CW beam power, up t o 640 kW in the present t u b e s , w h i l e a t t h e same time, it must t r a n s m i t t h e r f t o t h e o u t p u t o f t h e t u b e without disturbing the purity of t h e mode.
To achieve a c o l l e c t o r d e s i g n which s a t i s f i e s b o t h c r i t e r i a , c a r e must be taken i n designing all t a p e r s and isolation gaps. This process becomes more d i f f i c u l t a t h i g h e r f r e q u e n c i e s , s i n c e c o l l e c t o r s w i t h s i m i l a r c o o l i n g c a p a b i l i t i e s a r e required for a given power l e v e l . T h i s implies t h a t t h e p h y s i c a l size of a high frequency c o l l e c t o r must be about the same a s t h a t o f one employed a t lower frequencies.
However, a t higher frequencies, the coupling of the principal output mode (TEo2 f o r t h e 60 GHz gyrotron) to neighboring modes (possessing similar wave numbers) becomes s t r o n g e r f o r a given waveguide diameter. This means t h a t t h e problem of mode conversion becomes more d i f f i c u l t a t h i g h e r f r e q u e n c i e s .
MODE PURITY AND COLLECTOR POWER DISSIPATION
The o r i g i n a l 60 GHz design incorporated a 5-inch diameter collector, shown i n Figure 1 . The choice of 5 inches for the collector diameter was made primarily to ensure that the collector could withstand the power deposited by the impinging e l e c t r o n beam. Another consideration was t o minimize the magnetic focusing required to spread the beam evenly along the l e n g t h of t h e c o l l e c t o r . However, mode conversion in t h i s design was q u i t e severe.
To a l l e v i a t e t h e mode conversion due t o t h e up and down t a p e r s i n t h e CW c o l l e c t o r ( s e e F i g u r e l ) , the collector diameter was reduced t o 2.5 inches, t h e same a s t h e 100 msec pulse gyrotron. This eliminated the need for a downtaper and reduced the amount of uptaper required before t h e c o l l e c t o r .
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However, t h e l e n g t h o f ' t h e c o l l e c t o r remained t h e same a s t h e o r i g i n a l 5 -i n c h v e r s i o n
--approximately 24 inches longer than that of the pulse tube. Mode p u r i t y c a l c u l a t i o n s o f t h i s collector configuration, based on the generalized t e l e g r a p h e r ' s e q u a t i o n s and a finite element code, indicated excellent mode p u r i t y p o t e n t i a l . T h i s was v e r i f i e d by measurements using mode s e l e c t i v e directional couplers provided by C. Moeller on a CW tube, built with the 2.5 inch diameter collector, indicated that approximately 95.3% of t h e microwave output was i n t h e TE02 mode, while 2.3% and 2.4% were measured i n t h e TEOl and TEO3 modes, r e s p e c t i v e l y , I n o r d e r t o s a f e l y d i s s i p a t e t h e c o l l e c t e d e l e c t r o n beam along the length of t h e c o l l e c t o r , a computer a n a l y s i s and thermal measurement technique was developed. The computer code followed t h e
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IEDM 84 -827 t r a j e c t o r i e s o f many p a r t i c l e s , assuming 1 ) an i n i t i a l l y uniform density of guiding centers along t h e w i d t h of t h e beam,
Following pulse tests on t h e t u b e (mode measurements and c o l l e c t o r power d e n s i t i e s ) , t h e tube was slowly brought up t o power in CW operation. As on t e s t s o f t h e p r e v i o u s
CW tube ( 2 ) . t h e window temperature was carefully monitored using the I R imaging system ( 6 ) . During these tests, it was noticed that the temperature d i s t r i b u t i o n on t h e window closely resembled the power d i s t r i b u t i o n o f t h e TE02 mode, a s opposed t o the widely varying distribution observed on t h e previous CW tube with a mixed output mode. In Figure 4 , we show a photograph of t h e IR image of the window. The b r i g h t circle corresponds in p o s i t i o n t o t h e f i r s t e l e c t r i c f i e l d maximum of the TEO2 mode. The apparent asymmetry of the ring is d u e , i n p a r t , t o t h e s p a t i a l v a r i a t i o n in t h e transmission properties of t h e grided walls of the output waveguide through which t h e window is monitored. In addition, a small asymmetric mode content of about 1% may be present. A second ring does not appear in the photograph because the temperature is below the threshold of the imaging system.
In Figure 5 , we show a p l o t o f t h e maximum window temperature as a function of increasing microwave power. When t h e o u t p u t power u a s r a i s e d t o 207 kW CW, t h e maximum temperatuge on t h e window was 113OC. T h i s temperature was 13 C higher than that observed on the previous CW tube with a mixed output mode o p e r a t e d a t t h e same power l e v e l (2). T h i s d i f f e r e n c e is probably due t o t h e p u r e mode output of the present tube, though small changes in t h e window design might also be responsible for t h i s difference. Since the coolantoside of t h e window has a temperature 10°C t o 20 C lower than t h e a i r s i d e , t h e r e was a 2OoC t o 30°C s a f e t y margin between t h e temperature of the cooling fluid and its b o i l i n g p o i n t . Cathode magnetic f i e l d = 1.23 kG Output efficiency = 34.4% I n t e r n a l measured power l o s s e s = 14.5 kW ( c a v i t y , s e a l s , window, e t c . ) I n t e r a c t i o n e f f i c i e n c y = 36.8% Peak window temperature = 113OC Duration of test a t 207 k W CW = 40 min.
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During t h e tests, no l a r g e v a r i a t i o n i n window temperature was noticed when different parameters were varied to change the output power, as opposed t o t h e CW tube with t h e mixed output mode. The tube ran quite smoothly during the CW tests, i n d i c a t i n g t h a t t h e c o l l e c t o r s u c c e s s f u l l y dissipated the energy of t h e spent electron beam. During a second s e t of tests, the t u b e was operated a t a power l e v e l o f 200 kW CW f o r two hours w i t h no i n t e r r u p t i o n s or degradation in performance.
F u r t h e r t e s t s on t h e same tube were conducted t o observe the ability of the tube t o withstand thousands of thermal cycles while operating at 200 kW power l e v e l s .
A thermal cycle consists of a continuous "on" period for a minimum of three seconds and an "off" p e r i o d o f a t l e a s t f i v e s e c o n d s .
